Background--Although hydrochlorothiazide (HCTZ) is a well-established first-line antihypertensive in the United States, <50% of HCTZ treated patients achieve blood pressure (BP) control. Thus, identifying biomarkers that could predict the BP response to HCTZ is critically important. In this study, we utilized metabolomics, genomics, and lipidomics to identify novel pathways and biomarkers associated with HCTZ BP response.
blood pressure (BP) has been associated with significant improvement in cardiovascular outcomes. 4 Despite the availability of multiple drug classes for treating hypertension, data across the globe suggest that BP control rates, to any given antihypertensive medication, are far from optimal (with <50% control rate). 5 This fact is likely influenced, in part, by the empirical "trial and error" approach currently used for selecting antihypertensive medications. Thus, research to identify new therapeutic approaches and biomarkers that can be utilized to better predict the best antihypertensive therapy for each patient is necessary to improve overall heart health globally. Thiazide diuretics, including hydrochlorothiazide (HCTZ), are 1 of the most commonly prescribed antihypertensive classes and have long been used as first-line therapy for most patients with uncomplicated essential hypertension. 6 Despite the widespread use of this drug class, there remains a gap in knowledge regarding the mechanism underlying thiazide-induced long-term BP-lowering effects. 7 Additionally, global data show that only around half of thiazide diuretic-treated patients achieve BP control. 8, 9 Thus, additional research is needed to better understand the BP-lowering mechanism underlying thiazide diuretics and identify predictors that can be used to select patients likely to achieve optimal BP-lowering response. Over the past decade, pharmacogenomics studies have identified several promising genetic signatures associated with variability in response to thiazide diuretics. 7, 10, 11 Additionally, pharmacometabolomics has been successful in identifying novel pathways and biomarkers influencing patients' variability in response to different drugs. [12] [13] [14] Recently, using an untargeted metabolomics approach, we were able to identify several novel metabolites significantly associated with the BP response to HCTZ. 15 Also, pharmacolipidomics represents a promising approach to identify novel biomarkers of drug response and yield mechanistic insights for several drugs. 16, 17 Moreover, integrating different omics data is a powerful approach to identify novel signatures and pathways associated with complex traits, including drug response. 18, 19 Therefore, in this study, we conducted a pathway analysis of the metabolites (Table S1 ) we previously identified to be associated with HCTZ BP response, 15 to further pursue identification of novel pathways and biomarkers associated with BP response to HCTZ. Additionally, we performed integrated analyses of data from pharmacogenomics and pharmacolipidomics platforms to provide insights into the BP-lowering mechanism underlying HCTZ and to validate our findings, respectively.
Methods Pharmacogenomic Evaluation of Antihypertensive Response Study
Biological samples and clinical data used for metabolomics, genomics, and lipidomics analyses were collected as part of the PEAR (Pharmacogenomic Evaluation of Antihypertensive Response) trial (clinicaltrials.gov #NCT00246519). The PEAR genomics and phenotype data used in this study have been made publicly available at the database of Genotypes and Phenotypes (dbGaP; https://www.ncbi.nlm.nih.gov/gap). The design and objectives of the PEAR study have been previously described. 20 In brief, PEAR was a prospective study that recruited white and black participants, aged 17 to 65 years, with mild-to-moderate hypertension at the University of Florida (Gainesville, FL), Emory University (Atlanta, GA), and the Mayo Clinic (Rochester, MN). All participants had approximately a 4-week washout period of any antihypertensive therapies and then were randomized to receive 12.5 mg/ daily of HCTZ or 50 mg/daily of atenolol (b-1-selective blocker) monotherapy for 3 weeks. The HCTZ dose was then increased to 25 mg/daily and atenolol to 100 mg/daily for 6 additional weeks if the BP was greater than 120/70 mm Hg.
Genetic Epidemiology of Responses to Antihypertensives Study
White participants treated with HCTZ, from the GERA (Genetic Epidemiology of Responses to Antihypertensives) study (clinicaltrials.gov #NCT00005520), were used to replicate
Clinical Perspective
What Is New?
• Despite the widespread use of hydrochlorothiazide (HCTZ), the blood pressure (BP) control rates of HCTZ-treated patients are far from optimal (<50% of patients achieve BP control on monotherapy).
• Herein, we integrated pharmacometabolomics and pharmacogenomics data to uncover a novel genetic polymorphism, rs6078905, within the SPTLC3 gene with clinically relevant effects on the BP response to HCTZ.
• We found that rs6078905 variant allele carriers (C-allele) had a significantly better BP response to HCTZ compared with noncarriers.
• Leveraging the analysis with lipidomics data further confirmed the influence of SPTLC3 rs6078905 single-nucleotide polymorphism on the BP response to HCTZ and highlighted sphingolipids as potential mediators regulating the BP response to HCTZ.
What Are the Clinical Implications?
• The results of this study suggest that SPTLC3 is a potential determinant of the BP response to HCTZ.
• Replicating the findings from this study in other large, welldesigned, independent studies may help advance a personalized medicine approach to antihypertensive therapy.
our pharmacogenetic finding from the PEAR primary analysis. The study design and objectives of the GERA study have been previously described. 21 In brief, GERA was a prospective study that recruited hypertensive participants, aged 30 to 59 years, at Emory University (Atlanta, GA), and the Mayo Clinic (Rochester, MN). After enrollment, all participants had an average 4-week washout period of anti-HTN therapies followed by a BP assessment. Participants then started taking 25 mg of HCTZ daily for 4 weeks followed by another BP assessment. Both PEAR and GERA studies were approved by the institutional review board at each study site. All participants provided written informed consent before participation in the study.
Hydrochlorothiazide Blood Pressure Response Measurement
PEAR BP was measured pre-HCTZ (at baseline) and 9 weeks after HCTZ monotherapy treatment. BP data were obtained from home, office, and ambulatory daytime and nighttime BP measurements, 20 as explained in Data S1. Of note, the BP used from the PEAR participants is a composite weighted average of the home, office, and ambulatory daytime and nighttime data, which has been shown to be a more-accurate measurement of BP response with a better signal-to-noise ratio and more power to identify genetic predictors of BP response.
22
GERA white participants had their BP measured in triplicate by a trained assistant using a random zero sphygmomanometer (Hawksley and Sons, Ltd; West Sussex, UK). 21 HCTZ BP response was measured by calculating the difference between post-HCTZ BP and pre-HCTZ BP readings.
Genomics
A total of 228 white participants treated with HCTZ monotherapy in the PEAR study were included in the primary genetic analysis. Additionally, we used data from 148 black participants treated with HCTZ monotherapy in PEAR and 196 white participants treated with HCTZ monotherapy in GERA as 2 independent cohorts used for the replication efforts in this study. Details of the genotyping, quality control, and imputation performed in the PEAR and GERA studies are described in Data S1.
Lipidomics
PEAR white participants (n=40) were selected from the upper and lower quartiles of BP response to HCTZ for lipidomics analysis. Given the fact that sex hormones have been shown to exhibit sex-associated differences in sphingolipids levels as sphingomyelins, 23,24 we selected only samples from female participants treated with HCTZ for the primary analysis of the lipidomics data. Lipidomics profiling was conducted on fasting baseline plasma samples using multidimensional mass spectrometry-based shotgun lipidomics, as described in Data S1.
Experimental Approach
We utilized a 4-step analytic approach, which is outlined in Figure 1 .
Metabolomics pathway analysis (step 1)
First, we conducted a pathway analysis for the 13 metabolites we recently identified to be significantly associated with changes in both systolic and diastolic BP response to HCTZ (false discovery rate, <0.05). 15 Pathway analysis was conducted using MPINet R-based tool (http://cran.r-project.org/ web/packages/MPINet/), which has previously been used to identify novel pathways associated with complex traits, including drug response. 25 A false discovery rate-adjusted P value of <0.05 was used to account for multiple comparisons.
From the pathway analysis, the pathway with the lowest P value was selected to move forward to step 2.
Genomics association analysis (step 2)
We selected single-nucleotide polymorphisms (SNPs) within genes involved in the selected pathway from step 1 (sphingolipid metabolism pathway; Table S2 ; Figure S1 ). Gene regions were defined as the full transcript AE2 kb. A total of 78 SNPs were extracted after excluding SNPs with minor allele frequency <5% and after linkage disequilibrium (LD) pruning. LD pruning was conducted using the PLINK software option (-indeppairwise 50 5 0.3), which is based on removing SNPs within a 50-SNP sliding window that shifts 5 SNPs along with each move and considering an r 2 threshold greater than 0.3, as previously suggested. 26, 27 Genetic analyses were then conducted to test the association between these SNPs and BP response in PEAR whites treated with HCTZ monotherapy. Association analysis was conducted using PLINK software, 28 based on an additive genetic model with age, sex, baseline BP, and principal components (principal components 1 and 2) as adjustment variables. From this analysis, SNPs with an false discovery rateadjusted P value of <0.05 were considered significant. HardyWeinberg equilibrium for the selected SNPs was evaluated using exact test, and SNPs with a Hardy-Weinberg equilibrium P value <1E-03 were excluded from the analyses.
Replication (step 3)
SNPs that were significantly associated with HCTZ BP response in step 2 were then tested for replication in 2 independent cohorts of participants treated with HCTZ. The first group included 148 blacks treated with HCTZ in PEAR study. The other group included 196 white participants treated with HCTZ in the GERA study. In blacks, because of the differences in recombination rates and linkage disequilibrium patterns between blacks and whites, SNPs identified in whites may not be significant in blacks; however, other SNPs in the region may show significant association with the phenotype. Thus, replication was considered significant in blacks if the genomic region, in which the index SNP is detected in whites, has a significant association of P<0.05 with the BP response to HCTZ. Additionally, to confirm the specificity of the replicated genetic signals to HCTZ, we also tested their association in whites treated with atenolol monotherapy in the PEAR study (n=214).
Validation (step 4)
SNPs that were identified in step 2 and replicated in step 3 are located in genes within the sphingolipid metabolic pathway and are also significantly associated with HCTZ BP response. Therefore, we hypothesized that the association between these significant SNPs and HCTZ BP response might be mediated by their effect on either sphingomyelins or ceramides, which are involved in the sphingolipid metabolic pathway (most significant pathway identified in step 1). Thus, to test our hypothesis and to confirm the association of the sphingolipid metabolic pathway to HCTZ BP response, we tested the effect of the replicated SNPs, in step 3, on sphingomyelins and ceramides, as discussed below. First, the normality of each sphingolipid was tested using Shapiro-Wilk and Kolmogorov-Smirnov tests. Samples with levels >4 SDs from the mean were considered outliers and were removed from the analysis. Association between each sphingolipid (sphingomyelins or ceramides) and rs6078905 SNP was then performed. For normally distributed sphingolipids, the ANOVA test was used to test the association between each sphingolipid and rs6078905 SNP; KruskalWallis was used for non-normally distributed sphingolipids. Multiple linear regression was also used to test the association between each lipid and rs6078905 SNP, assuming an additive genetic model, with adjustment for age. Pearson's correlation was used to assess the correlation between significant sphingolipids, identified from this analysis, with HCTZ BP responses. A partial correlation analysis was also Journal of the American Heart Association conducted to test the correlation between sphingolipids and HCTZ BP response, with adjustment for age and baseline BP.
Statistical Analyses
Characteristics of study participants were analyzed using descriptive statistics. Numerical variables are represented as meanAESD, and categorical variables are presented as percentages. All statistical analyses were carried out with SAS (version 9.3; SAS Institute Inc, Cary, NC) and SPSS software (version 17.0 for Windows; SPSS Inc, Chicago, IL).
Results
Baseline characteristics and HCTZ BP responses of PEAR and GERA participants included in the genomics analyses, and PEAR participants included in the metabolomics analyses, are described in Table 1 . In Table S3 , we described the baseline characteristics and HCTZ BP response of the subset of PEAR participants who were included in the lipidomics analyses.
Metabolomics Pathway Analysis
The pathway analysis revealed the sphingolipid metabolism pathway as the most significant pathway (P=5.8E-05; Table 2 ). We then tested the association between the 78 SNPs, within the 14 genes directly involved in the sphingolipid metabolism canonical pathway, and HCTZ BP response. From this analysis, we identified a significant signal, rs6078905 SNP, associated with the BP response to HCTZ (diastolic BP [DBP], P=4.7E-04; q=3E-02; and systolic BP [SBP], P=6.8E-04; q=4E-02; Figure 2 ; Table S4 ). This SNP is located within the serine palmitoyltransferase, long chain base subunit 3 (SPTLC3) gene, which is involved in the rate-limiting step of sphingolipid synthesis. We found that patients carrying the CC genotype of rs6078905 SNP had better responses (SBP/ DBP=À11.4/À6.8 mm Hg) compared with those carrying the CT (SBP/DBP=À9.0/À4.9 mm Hg) and TT genotypes (SBP/ DBP=À6.7/À3.5 mm Hg; Figure 2 ). Additionally, in silico analysis using transformed fibroblast cells from the GenotypeTissue Expression (GTEx) project http://www.gtexportal.org/ home/ revealed that CC genotype carriers (who had a better HCTZ BP response in PEAR) had higher SPTLC3 expression levels than CT and TT genotypes (P=6E-11). 
Replication
We tested the association between the rs6078905 SNP and HCTZ BP response in PEAR blacks and we found a trend toward significance with DBP response (P=0.08) and SBP response (P=0.17; Figure 2 ). We also tested the association between all the SNPs extracted from the 14 genes and HCTZ BP response in blacks and performed a meta-analysis, using an inverse variance-weighted fixed-effect model as implemented in METAL, 29 with the association results from whites.
The results from this meta-analysis showed the SNP rs6078905 as the most significant signal associated with both SBP (meta-analysis, P=0.00061) and DBP (meta-analysis, P=0.00014 ; Tables S5 and S6) . Given the differences in the recombination rates and the LD patterns between blacks and whites, we also checked the SPTLC3 region of PEAR blacks treated with HCTZ where we found rs6105039 SNP significantly associated with HCTZ BP response (DBP response, P=1E-02; SBP response, P=3E-02; Figure S2 ). According to the PEAR genomics data, the SNP rs6078905 has a minor allele frequency of 37% in whites and 50% in blacks. However, the minor allele frequency of the SNP rs6105039 was 15% in blacks, but it was absent in whites. Consistent with these frequencies, data from the 1000 Genome, phase 3, Project have also shown that the rs6105039 SNP has a minor allele frequency of 15% African ancestry in Southwest USA, but it was absent in the Northern Europeans from Utah population, which might be the reason that rs6105039 was not observed in our analysis in PEAR whites.
Testing the association between rs6078905 SNP and atenolol BP response in PEAR white participants revealed no significant association (SBP response, P=0.6; DBP response, P=0.8), which suggests that the SPTLC3 rs6078905 SNP and the sphingomyelin pathway might be specific for the BP response to thiazides. We performed a post hoc power calculation to make sure that we are not getting a false- negative result because of lack of power. The post hoc power analysis revealed that we had 91% power to detect an effect size f 2 of 0.052 (which we observed with HCTZ BP response)
in the 214 white atenolol-treated participants, using a linear multiple regression model, assuming an alpha-level=0.05 and 2-sided tails hypothesis.
Validation
Of note, using a multidimensional mass spectrometry-based shotgun lipidomics approach, we identified 9 lipid classes, as discussed in Data S1. However, we focused only on the sphingomyelins and ceramides measured (26 sphingomyelins and 23 ceramides), because they are the sphingolipids involved in the sphingolipid metabolic pathway. Testing the association between the SPTLC3 rs6078905 SNP and the baseline levels of each sphingolipid revealed a significant association, defined as false discovery rate <0.05, between SPTLC3 rs6078905 and the baseline levels of sphingomyelins N24:2, N24:3, N16:1, and N22:1 after adjustment for age (Table 3) . Of note, sphingomyelins N24:2, N24:3, N16:1, and N22:1 are highly correlated, with a correlation coefficient (r) ranging from 0.73 to 0.88. We found that participants carrying the CC genotypes (who had a better response to HCTZ) have higher baseline sphingomyelins (N24:2, N24:3, N16:1, and N22:1) compared with CT and TT carriers (Figure 3 ). To further confirm whether sphingomyelins N24:2 and N24:3 are associated with HCTZ BP response; we tested their association with HCTZ BP response. This analysis revealed a significant association between sphingomyelin N24:2 baseline levels and HCTZ BP response (DBP, r=À0.42; P=0.007; SBP, r=À0.36; P=0.026; Figure 4) , and a trend toward significance between sphingomyelin N16:1 and N24:3 baseline levels and HCTZ BP response (Table S7) .
Of note, SPTLC3 rs6078905 SNP did not replicate in whites treated with HCTZ in GERA. Post hoc power analysis showed that using a multiple regression model, we had 89% power to identify a similar effect size, as observed between SNP rs6078905 and HCTZ BP response, in the 196 participants included from GERA, with the assumption of an alpha-level=0.05 and 2-sided tails hypothesis. Although we were not able to replicate the rs6078905 SNP in GERA, this lack of replication does not negate the importance of the sphingolipid metabolism pathway and SPTLC3 rs6078905 association with HCTZ BP response. We believe that the lack of replication observed in GERA might be attributed to different reasons, including the differences in the BP response phenotypes used in PEAR (composite BP) compared to GERA (office BP).
Discussion
Thiazide diuretics, including HCTZ, have been a cornerstone in treating hypertensive patients for more than 5 decades, and, currently, they are ranked among the most commonly prescribed first-line antihypertensives globally. However, the mechanism underlying the long-term BP-lowering effect of thiazide diuretics is not well understood, and data reveal that <50% of patients treated with thiazide diuretics achieve optimal BP goals. In this study, we conducted a metabolomics pathway analysis that highlights the sphingolipid metabolism as a pathway that might be involved in the long-term mechanism underlying HCTZ BP response. Additionally, using genomics data, we were able to identify rs6078905 SNP in the SPTLC3 gene as a potential determinant of the BP response to HCTZ in whites. We were also able to replicate the SPTLC3 genomic region and its association with the BP response to HCTZ in blacks. Moreover, leveraging our analyses with lipidomics data further confirmed the influence of the SPTLC3 rs6078905 SNP on the BP response to HCTZ, and sheds light on the association between sphingomyelins and the interindividual variability observed in the BP response to HCTZ.
The results from the lipidomics analysis revealed a significant association between SPTLC3 rs6078905 SNP and sphingomyelins levels. Consistent with these results, Demirkan et al 30 have previously reported an association between rs680379 SNP, located 20 kb away from the 5-prime of the SPTLC3 gene, and sphingolipids levels. We tested the LD between the rs6078905 SNP and the rs680379 SNP reported by Demirkan et al and they were not in LD (D 0 =0.13; R 2 =0.01). Additionally, we did not find an association between the rs680379 SNP and HCTZ BP response (SBP, P=0.82; DBP, P=0.61). These results reveal the novelty of the genetic signal identified in this study and its association with sphingomyelins and HCTZ BP response. Sphingomyelin and its metabolites have an influential effect on vascular tone 31, 32 and have been reported to be involved in the mechanism underlying BP regulation. [33] [34] [35] Animal and human data show that disruption in membrane lipids, including sphingomyelins, is closely linked with impaired ion transport and cytosolic calcium concentrations in various forms of HTN. [36] [37] [38] Moreover, in the vasculature, biologically active sphingomyelin metabolites, such as sphingosine-1-phosphate (S1P), have been reported as acute vasoconstrictors in most vessels. [39] [40] [41] S1P is a lipid mediator formed by the metabolism of sphingomyelins. 42 In the kidney, the target organ of thiazides, intravenous and intrarenal arterial administration of S1P caused renal vasoconstriction. 39, 41 Additionally, studies have shown that S1P, acting through S1P1 receptors, regulates sodium excretion by affecting transport mechanisms in the renal medulla, possibly by modulating the activity of the epithelial sodium channel. 43 Studies have also shown that S1P can regulate the activity of various ion channels, including potassium channels, [44] [45] [46] which have previously been proposed to be of importance in the mechanism underlying thiazide diuretics BP response. 47, 48 S1P has also been shown to be involved in the mobilization of calcium from intracellular stores, influx of extracellular calcium through L-type calcium channels, 49 55 Therefore, we suggest that sphingomyelins and their active biological metabolites (ie, S1P) might be involved in the long-term mechanism underlying thiazide diuretics BP response through the Rho-kinase pathway-the latter is involved in the contraction of the vascular smooth muscle. Thus, further work on sphingomyelins, S1P, and their metabolic signaling pathways might identify novel biomarkers associated with thiazide diuretics and provide more insights into the mechanism underlying BP regulation. Figure 3 . The effect of rs6078905 polymorphism on sphingomyelin concentrations of SM N24:2, SM N24:3, SM N16:1, and SM N22:1 in whites treated with hydrochlorothiazide in the PEAR (Pharmacogenomic Evaluation of Antihypertensive Responses) study. P values were generated using a linear regression model adjusted for age. SM indicates sphingomyelin; SPTLC3, serine palmitoyltransferase, long chain base subunit 3.
Our study has several limitations. First, our sample size was relatively small, which limited our power to identify additional novel signals associated with HCTZ BP response. However, using genomics, metabolomics, and lipidomics data from participants treated with HCTZ added to the breadth and the depth of our analyses and helped us to identify and confirm the importance of the sphingomyelins metabolic pathway as a potential pathway associated with HCTZ BP response. Second, we found a significant association between SPTLC3 rs6078905 and HCTZ BP response in PEAR whites and found a trend toward significance in PEAR blacks; however, this finding did not replicate in whites treated with HCTZ in GERA. This lack of replication in GERA might have several explanations. It is, of course, possible that the finding in PEAR is a false positive, thus explaining the failure to replicate. However, other possibilities also exist. First, the discrepancy in measuring BP in PEAR compared with GERA might be 1 of the reasons that contributed to the failure of replicating the rs6078905 signal in GERA, especially with the small sample size used. In PEAR, the BP response was based on a composite of office, home, and ambulatory BP measurements, which we have shown previously to be a more-accurate measurement of BP response with a better signal-to-noise ratio, 22 whereas in GERA the BP response in GERA participants was based on office measurements, which might have more signal-to-noise ratio compared with the composite BP used in PEAR. Another explanation is that the rs6078905 might not be the causal signal; presumably, it might be in LD with a rare causal signal that might be driving its effect on HCTZ BP response. Therefore, more work is still needed to test whether this SNP or another SNP in LD with this SNP can be used as a predictor for HCTZ BP response. Another limitation of this study is that it was conducted only in females. Several factors led us to do this. First was that resources were limited for running a larger sample set, and given the fact sex hormones have been shown to exhibit sexassociated differences in sphingolipid levels, we considered it most scientifically robust to perform lipidomics analysis in a single sex group. We chose to focus on females because we have previously shown that the adverse metabolic effects of thiazides are more common in females than males. 56 Future studies are still needed to test the effect of sphingolipids on HCTZ BP response in males. Last, the results presented here were identified in mild-to-moderate hypertensive participants recruited in the PEAR study. Testing the findings from this study in severe hypertensive patients is still needed, which might provide novel insights in the mechanism underlying BP regulation.
Our study also has several strengths. Using metabolomics, genomics, and lipidomics data to identify pathways and markers associated with drug response is an innovative and powerful approach. We believe that using multiple "omics" approaches, similar to the one presented here, can help in uncovering novel pathways and biomarkers that were not identified using genome-wide association studies data alone. These pathways and biomarkers hold the promise to provide more insight in drug-response mechanisms and facilitate the development of new drugs based on a deeper understanding of determinants of drug-response phenotypes.
In summary, to our knowledge, this is the first study to highlight the association between the sphingomyelin metabolism pathway and HCTZ BP response. We showed that this association might be mediated by the SPTLC3 gene that influences the production of sphingomyelins, in which we identified and replicated a significant association between the SPTLC3 genomic region and HCTZ BP response. In conclusion, this study illustrates the importance of the sphingolipid metabolic pathway in HCTZ BP response. Additional research 
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Genomics
A total of 228 White participants treated with HCTZ in the PEAR study were included the in the primary genetic analysis. Additionally, we used data from 148 African Americans (Blacks) participants treated with HCTZ therapy, as one of the two independent cohorts used for the replication efforts in this study. PEAR DNA samples were genotyped using the Illumina Human Omni-Quad BeadChip (Illumina, San Diego CA). Genotypes were called using GenTrain2 Illumina clustering algorithm in the software package GenomeStudio (Illumina, San Diego CA). For GERA samples, DNA was genotyped using Affymetrix GeneChip® Human Mapping 500K Array set. Genotypes were called using Birdseed and Dynamic Modeling algorithms. 3 Participants from PEAR or GERA were excluded if sample genotype call rates were below 95%. Additionally, SNPs with a genotype call rates below 95%
were also excluded. MaCH software (version 1.0.16) was used to impute SNPs, in PEAR and GERA, based on HapMapIII haplotypes. 4 SNPs with minor allele frequency (MAF) less than 5 % or imputation r 2 less than 0.3 were excluded from the analysis.
Lipidomics
Participants for the lipidomics analyses (n=40) were selected from each quartile of BP response, defined as the difference in BP after HCTZ treatment from the baseline BP. Lipidomics profiling was conducted on fasting baseline studies plasma samples using multi-dimensional mass spectrometry-based shotgun lipidomics (MDMS-SL), as previously described. 5, 6 Further details regarding the procedures we conducted for the lipidomics analysis are described in the Supplementary. In brief, a protein assay on each plasma sample was performed by using the BCA method with bovine albumin as the standard. After 200 µl of plasma from each plasma sample was transferred to a disposable culture borosilicate glass tube (166100 mm), a premixed lipid solution used as internal standards for quantification of lipid species was added to each plasma sample based on its protein concentration. Lipid extracts were prepared by using a modified procedure of Bligh and Dyer as previously described 6 , and each was resuspended in 500 µl of dichloromethane/methanol (1:1, v/v) which corresponded to a concentration of 3 nmol/µl. A portion of each individual lipid extract (approximately 100 µl) was treated with LiOMe and followed by being washed with hexane as previously described. 7 A triple-quadrupole mass spectrometer (Thermo Fisher TSQ Vantage, San Jose, CA, USA) equipped with an automated nanospray apparatus (i.e., Nanomate HD, Advion Bioscience Ltd., Ithaca, NY) and Xcalibur system software was then utilized as previously described. 8 Each lipid solution prepared after treatment with LiOMe was also properly diluted prior to infusion to the mass spectrometer for the analyses of sphingolipids. The diluted lipid extract was directly infused through the nanomate device. Typically, a 1-min period of signal averaging in the profile mode was employed for each survey scan. For tandem mass spectrometry, a collision gas pressure was set at 1.0 mTorr but the collision energy was varied with the classes of lipids as described previously. 6 Typically, a 2 to 5-min period of signal averaging in the profile mode was employed for acquisition of each tandem MS spectrum. All the MS spectra and tandem MS spectra were automatically acquired by a customized sequence subroutine operated under Xcalibur software. Mass spectra in survey scanning mode were acquired after intrasource separation of each prepared and properly diluted lipid solution as previously described. 9 Ceramide and sphingomyelins species were identified and quantified directly from lipid solutions after treatment with LiOMe or hexane washing. 6, 10 The identified species were quantified using a two-step approach as previously described. 6 Although this platform measured 9 lipid classes including choline glycerophospholipid (PC), lysoPC (LPC), ethanolamine glycerophospholipid (PE), phosphatidylinositol, sphingomyelin (SM), ceramide (CER), triacylglycerol (TAG), cholesterol and cholesterol esters, our analyses focused only on sphingomyelins and ceramides, since our metabolomics pathway analyses highlight their metabolic pathway as a significant pathway associated with HCTZ BP response. 
